• Density-graded metallic foam projectiles can be used to simulate shock loadings with varying pulse shapes.
H I G H L I G H T S
• Density-graded metallic foam projectiles can be used to simulate shock loadings with varying pulse shapes.
• The local crushing stress and local density within the shock front are key factors altering the pulse shapes.
• By considering pulse shapes, the shock loading simulation technique can be expanded to broader applications.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Shock-type loadings occur in air blast, water blast, collision of vehicles and impact [1] , typically expressed by a pressure time history p(t) with peak pressure P peak and decay duration τ. As discussed by Jones [2] , such loading may be considered to be dynamic if τ/T ≪ 1, where T is the response time of the structure; in the limit τ/T → 0, the loading is taken as impulsive. In the impulsive regime, the pressure-time history is commonly treated as an impulse of magnitude I = ∫ 0 τ p(t)dt. Since there is not a strict boundary to distinguish the dynamic and impulse regimes, Jones [2] and Xue and Hutchinson [3] suggested that, for monolithic and sandwich panels, τ/T = 0.01 may be approximately used to distinguish the two regimes. This viewpoint has since been widely approved, because treating the pressure time history as an impulse when τ/T ≤ 0.01 causes little loss of accuracy so long as the overall response of the structure is of concern. Therefore, in imparting a shock loading on the structure, two approaches are generally adopted: prescribed momentum and prescribed pressure time history. In the impulsive regime, the damage of the structure only depends on the impulse I and hence both approaches can define the shock loading. In contrast, beyond the impulsive regime, the structural damage depends not only on the impulse, but also on the pulse shape such as the peak pressure and the shape ratio which defines as the ratio of mean pressure over the pulse duration to peak pressure of the shock loading, for a sharper pulse shape usually causes damage to the structure easier than a flat pulse [4] [5] [6] [7] . Thus, the former approach is not applicable in shock loading simulation, especially when the effect of pulse shape is remarkable. In fact, upon comparing the applicability of the two approaches on metallic sandwich plates, it was demonstrated that, beyond the impulsive regime, treating the pressure time history as a momentum would significantly overestimate core crushing and energy dissipation [2, 3] .
The technique of using uniform metal foam projectile to simulate shock loading [8] [9] [10] [11] [12] belongs to the former approach, namely, using impulse I to define the level of shock loading. However, the approach is insufficient to precisely simulate pressure time history (especially pulse shapes) in many practical cases and hence not applicable beyond the impulsive regime. The reason is that the pulse shapes generated by metal foam projectiles exhibit little difference. Specifically, when a uniform metal foam projectile with length L and density ρ f is fired from a gas gun at velocity V 0 , it produces a rectangular-liked time-dependent pressure pulse on a rigid stationary target [8] . Mathematically, this pressure pulse can be characterized by:
where σ c and ε D are the plateau stress and nominal densification strain of the metal foam. The pressure pulse remains rectangular in shape no matter how the design parameters (L, ρ f , V 0 ) of the foam projectile are varied. Since the approach is such an economical and simple approach that it would thus be inspiring if alternative approaches could be developed to include the pulse shape design in shock loading simulations. Introducing density gradient into metal foam projectile may alter the simulated shock loading shape, thus providing a chance to generate shock loading with specific pulse shape and extend the foam projectile-based shock loading simulation approach to wider applications. However, it is not clear whether such idea is feasible, because no associated works can be used to support the idea directly.
Over the past few years, density graded metal foams have already been manufactured, which makes it possible to employ densitygraded metal foam projectiles in simulating shock loadings. The electrochemical method was first used to prepare density-graded foams [13] .
After that, Y. Matsumoto developed the chemical dissolution method to produce the open-cell reticulated aluminum foams with graded densities [14] . Yoshihiko utilized the friction stir technique to bond the aluminum plates with different TiH2 contents and foamed the obtained precursor to produce density-graded foams [15] . By this method, stepwise density gradient is achieved owing to the discrete foaming agent contents in the different layers of foamable precursor. Unlike the above methods, Orbulov use pressure infiltration technique to produce hybrid metal matrix syntactic foams [16] [17] [18] . Since the infilled hollow spheres can be easily controlled, it is quite easily to produce graded metal foams.
Under high loading rates, density graded metal foams have been proved to outperform their uniform counterparts in many applications [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . For example, as sacrificial claddings, density gradient can improve the performance of energy absorption, and reduce the impulse or maximum stress transferred to the protected structures under impact, or blast [19] [20] [21] [22] [23] [24] [25] . Similarly, when density-graded metal foams are used as sandwich cores. It was found that a well-designed density gradient sequence can enhance the blast resistance of foam-cored sandwich constructions [26] [27] [28] [29] [30] . Liu [26] indicates that the density gradient sequence with larger density of foam layer at the blast side achieved the best performance in terms of the global deformation. Similar conclusion is obtained for the graded honeycomb-cored sandwich panels by Li [29, 30] through combined experimental and numerical study. In [35] , it was also indicated that the blast resistance of graded sandwich panels were also affected by the deformation modes, which should be paid much attention.
The underlying mechanism that density graded metal foams outperform their uniform counterparts may be due to that density gradient may influence shock wave propagation in metal foams. In recent years, several theoretical approaches based on the propagation of onedimensional (1D) shock wave have been proposed to illustrate dynamic compaction wave propagation in density-graded metal foams. For instance, by assuming that the local stress-strain characteristics the foam can be described with the idealized rigid-perfectly plasticlocking (RPPL) model [31] [32] [33] , the effect of graded plateau stress on both the quasi-static and dynamic responses of density-graded foam rods under impact loading was quantified [34, 35] . The same method was adopted to study the propagation of compaction wave in densitygraded cellular materials subjected to blast loading [36] . Also built upon the RPPL idealization, Liu [37] proposed another model for dynamic compaction of density-graded cellular materials and defined a predefined locking density from which the mass continuity and momentum conversation conditions can be applied. Instead of the RPPL model, the rigid-plastic-hardening (R-PH) idealization [38, 39] was used to characterize the stress-strain relation of density-graded foams, with the effect of local strain hardening taken into account [40] . Besides, Karagiozova and Alves [41] developed an analytical approach to predict the dynamic response of density-graded foams by assuming the material stress-strain curve at any cross-section can be treated as an equivalent local characteristic Hugoniot representation. According to this representation, the stress-strain curve of the graded foam exhibits local strain hardening, in which the strain fields are functions of both the velocity variation and density distribution.
Until now, most studies focused on applications of density graded metal foams in cladding structures and sandwich cores while no work has reported their applications in shock loading simulation, especially in pulse shape design. From the viewpoint of compaction wave propagation in density graded foams, density gradient has the potential to alert the simulated shock loading shape, thus expanding the foam projectile-based shock loading simulation technique to wider applications. Motivated by this, the present work is carried out to explore the potential of using density-graded metal foam projectile in pulse shape design.
In the first, effect of density gradient on the pulse shape of pressure time histories generated by density-graded foam projectiles is experimentally explored. Subsequently, the cell-based finite element (FE) models for density-graded metal foams are constructed. The impact of graded foam projectiles on a fixed rigid wall is then conducted to explore the potential and underlying mechanisms of densitygraded metal foam projectiles in generating pressure pulses with various shapes. Based upon the FE simulations, the Taylor impact model for a density-graded bar is developed to predict the contact pressure between the projectile and rigid wall. Finally, a design approach based on the developed Taylor impact model is proposed to determine the properties of density-graded metal foam projectiles that can generate specific pressure pulses.
Experimental investigation
Density-graded metal foam projectiles
Density-graded cylindrical aluminum foam projectiles of length 50 mm and diameter 28.5 mm were electro-discharge machined from aluminum foam blocks. The density-graded aluminum foam block was manufactured by the coupling of melt foaming process and the solidification process [42] . In such method, industrial pure aluminum was melted in a steel mold and preserved at 680°C, then 1.5 wt% Calcium granules were added in the melt with 10 min of stirring. The 300°C pre-treated TiH 2 powders with different contents were dispersed into the aluminum melt. Then the cooling procedure was implemented before the foam melt completely grew. The density gradients are determined by controlling the TiH 2 contents and timing of the cooling process.
In the present study, foam projectiles of two density gradients and one uniform density gradient are prepared, as is shown in Fig. 1a . For each density gradient, nine specimens are prepared, of which three are used to measure the density gradient, and the rest are used in the quasi-static compression tests and direct impact tests, respectively. The average cell size for S3 is 3.2 mm; while the cell size varies from 1.5 mm to 2.4 mm for S1, and from 1.9 mm to 3.6 mm for S2. By cutting the specimens into five slices, the density of the slices at different location away from the bottom of the specimens are measured, the corresponding slope of density gradient (k) can be obtained, as is shown in Fig. 1b .
The quasi-static compressive responses of the specimens are presented in Fig. 1c , at a nominal strain rate of 0.0067 s −1 . It is shown that the density gradient leads to strain hardening of the stress-strain curves. Besides, larger density gradient results in more remarkable strain hardening. Unlike uniform foams that initial collapse occurs at both ends of the specimen and then distributes randomly, the compaction band of density graded foams initiated from the end with smaller density and then propagate towards the other end, as is seen in Fig. 1d . The same phenomenon is observed in [43, 44] , where the graded properties is achieved by varying cross-section.
Direct impact test
As is sketched in Fig. 2 , the direct impact experiments, in which foam projectiles were fired at a strain gauged Split Hopkinson bar, were performed, with the pressure time histories measured at the impact end of the foam projectiles. The bar was made of aluminum with a density of 2700 kg/m 3 . The foam projectiles were accelerated using a gas gun barrel of diameter 28.5 mm. After the foam projectiles impacted on the end of the bar, the contact pressure histories on the impacted end of the bar were measured via strain gauges placed approximately 285 mm from the impact end of the bar. And the firing velocity is measured by the laser velometer. Compared with the foam projectile, the bar is so long that the impact section of the bar can be treated as a rigid wall. 
Measurements
The measured pressure time histories of foam projectiles (S1-S3) are plotted in Fig. 3 . In order to compare the pulse shape of the pressure time histories, the firing velocities of the projectiles are nearly the same, within 10% discrepancy. The firing velocity is controlled via the pressure of the gas in the chamber. It can be found from Fig. 3 that density gradient has significant influence on the pulse shape. Polynomial fitting curves of the pressure time histories show that the pulse shapes vary from rectangular-liked shape to triangular-liked shape and exponential-decayed-liked shape in sequence with the density gradient increases. It is also shown that the foam projectiles are not fully compacted under the prescribed firing velocities, which indicates that the foam projectiles are long enough to absorb their impact energy. Consequently, density-graded foam projectiles have the potential in generating shock loadings with various pulse shapes.
Cell-based finite element modeling
In the aforementioned section, a preliminary experimental study is carried out to explore the potential of density-graded foam projectiles in generating shock loadings with various pulse shapes. Since the firing velocities and mass of the foam projectiles in the experiments are different, the underlying mechanism that determines the pulse shape is not illustrated. In this section, the physical mechanism is investigated by cell-based finite element models.
Graded Voronoi foam
The 3D (three-dimensional) Voronoi technique is employed to generate closed-celled foam models with unique cell-wall thickness but graded cell sizes [45, 46] . To this end, a total of N nuclei are placed in a 3D block, with the distance between any two nuclei larger than a minimum allowable distance, r(z), which is a function of the Lagrange location z along the length of the Voronoi model. Accordingly, the block can be divided into N closed cells, and the boundaries of all the cells constitute the so-called δ-diagram, namely the Voronoi diagram with an irregularity degree of δ = r(z)/r 0 . Here, r 0 is the distance between two adjacent nuclei in a regular tetrakaidecahedral foam model with N cells in volume V, given by:
Graded Voronoi structure is constructed by changing the distribution of cell size along the Lagrange location. With all the cell walls assumed to have a uniform thickness of h, the density of the j-th layer (within a minimum length of L/m, L being the length of the Voronoi structure and m the total number of foam layers in the structure) of the graded Voronoi structure is calculated by:
where n and A i j are the number of cell walls and area of the i-th cell wall in the j-th foam layer, respectively. And ρ s denotes the density of parent material of foam.
Finite element modeling
Based on the Voronoi technique detailed above, a graded foam projectile specimen is constructed with a volume of 50 × 28.5 × 28.5 mm 3 , as shown in Fig. 4 . The density ρ f (z) of the foam projectile is a function of the Lagrange location z from one end to another, as: , k represents the slope of the density gradient. The irregularity δ of the Voronoi structure is set at 0.7. With reference to Fig. 5 , let z = 0 correspond to the distal end of the projectile. Along the Lagrange location, the graded relative density increases linearly from 0.05 to 0.15. It is noticed that the cell size gradient is actually scattered in the m layers. The gradient may be treated as continuous when m is sufficiently large. In the current study, m = 10 is selected.
Full 3D finite element (FE) simulations are carried out with the commercialized software LS-DYNA. The graded Voronoi foam model is meshed by Shell 163 element with 5 integration points through the thickness. After numerous trials, the size of the element is eventually set to 0.2 mm to ensure mesh convergence. The parent material of cell walls is represented by a bilinear strain-hardening model as:
where σ ys denotes the static yielding stress, and E s and E t are the Young's modulus and tangent modulus, respectively. The cell wall material used in the present study is aluminum, with mechanical properties listed in Table 1 . For simplicity, strain-rate sensitivity of the material is not considered.
As shown in Fig. 5 , to obtain the pressure-time history, full 3D impact simulation is considered in which the graded foam projectile impinges normally with an initial velocity V 0 on a stationary rigid wall. It should be noticed that the actual pressure imparted on the structure is somehow coupled with the deformation and movement of the target structure [8] . In the present study, we restrict our attention to the extreme case that the target is rigid and stationary, so as to purely explore the potential and underlying mechanisms of density gradient in the design of pulse shape. The present study considers a foam projectile whose density gradient is characterized by Eq. (5), with special focus placed upon the positive gradient (k ≥ 0). During the dynamic simulations with LS-DYNA, contacts between the foam projectile and the target as well as those among the cell walls are considered with a fixed friction coefficient of 0.1 [45] .
Validation of FE model
To validate the cell-based FE model, numerical results from direct impact simulations are compared with experimental results obtained for density-graded foam projectiles of k = 0 and k = 2. To maintain the same conditions as in experiment, cell-based foam models with density gradient k = 0 and k = 2 is constructed, respectively, and the fired velocity is 261 m/s and 237 m/s, correspondingly. As shown in Fig. 6 , the pulse shape of the pressure-time history calculated from the present FE model is quite close to that of the experimental data, and the difference for the total momentum (i.e., the area below the pressure-time history) between FE calculations and experiments is less than 10%. It should be noticed that the foam projectile is cylinder in experiment but block in FE simulation, as shown in Fig. 5 . However, the simulated pressure-time curve is less affected by the morphology of the foam projectile since there exists at least seven cells in any dimensional direction. Besides, the pressure-time curve is dominated by inertia stress enhancement which is affected by the density rather than the morphology. Therefore, the cell-based FE model is effective in representing the real closed-cell metallic foams.
In the section to follow, the significant effect of density gradient on the shape of the impact pulse generated by a foam projectile is investigated using the developed FE model.
Effect of foam density gradient on pressure-time history
With an initial velocity of 380 m/s, the numerically simulated evolution of the pressure exerted by foam projectile on rigid wall is plotted in Fig. 7 for selected density gradients of k = 0, k = 1 and k = 3. Unless otherwise stated, the average relative density and length of the foam projectiles is 0.11 and 50 mm, respectively. The results of Fig. 7 reveal that the pressure-time history generated by a density-graded foam projectile is no longer rectangular-liked, in contrast to that generated by a uniform foam projectile (k = 0). In fact, the graded foam projectile with a larger k usually generates a sharper pressure pulse with a higher peak pressure. Interestingly, however, while the density gradient affects significantly the profile of pressure pulse, it only has limited effect on the duration of the pulse, as shown in Fig. 7 .
The above observations further demonstrate the great potential of employing the density gradient of metallic foam projectiles to design impact pulses with varying shapes, e.g., from rectangular-like shape to triangular and other shapes. The physical mechanisms underlying such influence of foam density gradient on pulse shape are explored next.
Physical mechanisms underlying the influence of density gradient
Fig . 8 presents the Lagrange locations of compaction band front (shock front) in density-graded metallic foam projectiles for k = 0, k = 1and k = 3; corresponding deformation pattern for the case of k = 3 is also presented. It is observed that the deformation pattern is 'shock-wave' where the band front propagates from the proximal end to the distal end. However, density gradient has little effect on the propagation of the band front, as shown in Fig. 8 . Besides, the speeds of band front for both uniform and graded foam projectiles remain nearly constant before 100 us. After 120 us, the foam projectiles can no longer be compacted and the band fronts stop propagating. During the whole compaction process, the propagation of band front shows no difference for foam projectiles with either graded or uniform densities.
In addition to the speed of band front, density gradient also has little effect on the velocity (V) of the uncompressed part of the foam projectile, as shown in Fig. 9 , in which the velocity-time histories of the uncompressed parts are plotted for k = 0, k = 1 and k = 3. The results of Fig. 9 reveal that the velocity of the uncompressed part decreases gradually during the impacting process.
The mechanisms underlying the pressure-time history of a foam projectile impacting a stationary rigid wall may be exploited by examining separately the quasi-static and dynamic compaction processes of the projectile. Based on full 3D FE simulations, the crushing stress of uniform Voronoi foam model subjected to quasi-static compression is plotted as a function of relative density (the varying density is controlled by cell size) in Fig. 10(a) . For the purpose of comparison, the empirical crushing stress of closed-cell metallic foam obtained by fitting experimental data of quasi-static compression is given as [40] :
which exhibits the format of power-law; α and β are the fitting constants. The results of Fig. 10(a) reveal that the empirical crushing stress of Eq. (7) agree well with the FE simulation results if α = 0.35 and β = 1.5. For density-graded foam projectiles, upon substituting ρ f of Eq. (5) into Eq. (7), the local crushing stress along the Lagrange location z may be obtained as:
Based on Eq. (8), Fig. 10(b) presents the normalized local crushing stress along the Lagrange location of density-graded foam projectile for k = 0, k = 1 and k = 3. It can be concluded that the density gradient influences the shape of pressure pulse by changing the quasi-static part (i.e., the quasi-static crushing stress) of the pressure-time history.
Consider next the process of dynamic compaction. For each foam projectile (k = 0, 1, 3) considered, Fig. 11 presents the local density within the shock front (defined as ρ f /ε l in this study, ε l being the dynamic locking strain detailed in Appendix A) at each instant. When the shock front propagates from the proximal end to the distal end, the local density is also changing with time, as depicted in Fig. 11 . In the case of uniform foam projectile, the gradually increasing local density with time implies that the dynamic locking strain within the band front is gradually decreasing. In comparison, for density-graded foam projectiles, the decreasing of local density is attributed to both the decreasing density gradient along the Lagrange location and the increasing locking strain within the band front. Therefore, local density within the shock front is another factor affecting significantly the pulse shape.
In passing, it is noticed that the rapid rise of the curves at about 120 us in Fig. 11 is caused by the fact that the foam projectiles cannot be fully densified at the distal end. Fig. 12 presents the dynamic stress due to inertial enhancement as a function of time for each foam projectile (k = 0, 1, 3) considered. The dynamic stress is calculated by ρ f V 2 /ε l from the data point in Figs. 9 and 11. Comparison between Figs. 12 and 7 indicates that the dynamic stress dominates the pressure-time history. Therefore, compared with the varying density induced quasi-static crushing stress changes, the varying local density induced dynamic stress changes is the most important factor in altering pulse shapes.
Theoretical design of density-graded foam projectile
In the proceeding section, the potential and underlying mechanism of employing density-graded metal foam projectiles to generate shock loadings having different pulse shapes has been demonstrated using FE simulations. A theoretical approach based on the Taylor impact model is next developed to design graded metal foam projectiles and obtain pressure pulses having specific pulse shapes.
Taylor impact model with density-graded foam projectile
The direct impact of foam projectile on a stationary rigid wall is a typical problem of Taylor impact. There exist amount of theoretical works investigating the progressive compaction manner of cellular foam materials [31] [32] [33] 38, 39] , of which the RPPL model [31] [32] [33] and the actual stress-strain curve based approach [38, 39] are most applied. In the present study, the basic framework RPPL model is applied with additional assumptions. For a cell size induced density-graded metal foam projectile under high loading rates, it is assumed that the locking strain at any Lagrange location z can be approximated as ε l (z) = 1 − λρ f (z)/ρ s . In other words, the densified density ρ d (z) of the densitygraded metal foam at any Lagrange location is constant, i.e. ρ d (z) = ρ s /λ. The assumption is verified in Appendix A, in which the first order of locking strain ε l = 1 − λρ f /ρ s is in reasonable accordance with the numerical calculations based on 3D Voronoi foam models for λ = 1.1. Similar assumptions can be found in [35, 37] where different coefficient λ is predefined.
Consider a cell size induced density-graded metal foam projectile, length L and cross-sectional area A, which impacts against the rigid wall with an initial velocity V 0 , as depicted in Fig. 13 . Upon impacting, the dynamic stress at the proximal end becomes sufficiently high to exceed the collapse stress of the foam, thus initiating a shock wave that propagates from the proximal end towards the distal end with the Eulerian speed of the shock front V s . The mass conversation and the geometrical relationship are given, respectively, by 
Differentiating Eqs. (9) and (10), we get
The conversation of the momentum of the portion ahead of shock front (the mass ahead of shock front is ∫ 0 z ρ f (x)dx) gives:
Substituting V(t) in Eq. (11) into Eq. (12) yields
For a defined ρ f (z) in Eq. (5) and fitted σ 0 (z) in Eq. (8), the timebased parameters z(t) and dz/dt can be obtained from Eq. (13) based on the four-order Runge-Kutta method in Matlab.
Given that the dynamic crushing stress behind shock front is σ d , then the conversation of momentum of the total foam projectile gives:
Substituting Eqs. (5) and (11) into Eq. (14), the pressure-time history of the density-graded foam projectile is given by:
With the obtained time-based parameters z(t) and dz/dt, the pressure-time history can be plotted according to Eq. (15) .
In Fig. 6 , theoretical model predictions by Eq. (15) are compared with experimental data as well as FE simulation results for metallic foam projectile with density gradient k = 0 and k = 2. Good agreement is achieved. For density-graded foam projectiles with gradients k = 1 and k = 3, in the absence of experimental data, Fig. 14 compares the pressure-time histories predicted by Eq. (15) and the FE simulations. Again, good agreement is achieved, thus demonstrating the effectiveness of the Taylor impact model for density-graded foam projectiles. In line with the FE simulations, the theoretical predictions of Eq. (15) also show that, as the density gradient is increased, the shape of the pressure pulse becomes sharper while the peak pressure is elevated.
Further insight into Eq. (15) shows that the pulse shape of shock loading is dependent upon a few parameters: the quasi-static local crushing stress σ 0 (z), the local density within shock front ρ f (z)/ε l (z), and the square of real-time velocity of the uncompressed part V 2 (t). In the preceding sections, it has already been demonstrated that density gradient has little influence on the real-time velocity of the uncompressed part. Therefore, the pulse shape of shock loading is directly determined by the local crushing stress and local density of the foam projectile.
Design approach
In this section, based on the 1D Taylor impact model for graded metallic foams, a theoretical approach is developed to design foam projectiles that can generate pressure pulses having specific pulse shapes. Generally, to describe a shock loading with specific pulse shapes, three parameters are needed: total impulse (I), peak pressure (P peak ) and shape ratio (P mean /P peak ).
According to Eq. (15), during the impacting process, the peak pressure and the mean pressure are given, respectively, as:
where τ denotes the duration of the pressure-time history generated by the graded foam projectile. Because density gradient has little effect on the duration of impact pulse as previously discussed, the modified Eq. (2) is adopted to represent the duration of pressure generated by a density-graded foam projectile, as:
where ε l denotes the mean value of locking strain along the foam projectile, given by:
To illustrate the applicability of the theoretical approach outlined above in practical design, consider an idealized triangular pressuretime history with peak pressure 50 MPa and decay time 60 us, as depicted in Fig. 15 . It follows that the total impulse per unit area and the shape ratio are 1.5 KPa·s, and 0.5, respectively. Correspondingly, the geometric parameters (L, k, b) and initial velocity (V 0 ) of the graded foam projectile can be determined from the following equations:
The results for (L, k, b, V 0 ) thus determined are displayed in Fig. 15 . Upon substituting these parameters into the Taylor impact model (i.e., Eq. (15)), the pressure pulse can be obtained, as shown in Fig. 15 . Meanwhile, based on the determined values of (L, k, b, V 0 ), the pressure-time history is calculated using FE simulations, which is also presented in Fig. 15 .
The theoretically predicted and numerically calculated curves compare quite well with the desirable triangular pressure-time history, as shown in Fig. 15 . Most features of the generated pressure pulse coincide with those of the prescribed curve, except for the decay rate. This deficiency can be improved by introducing nonlinear density gradient (e.g., quadratic and square root gradients) into the foam projectile, which is nonetheless beyond the scope of the current study.
Conclusions
Closed-cell metallic foam projectiles with graded relative densities are proposed to simulate shock loadings having varying pressure pulse shapes. The potential of density gradient in the design of pulse shape is exploited experimentally and numerically. Three-dimensional Voronoi foam models with varying gradient profiles along the length direction are constructed for FE simulations, which are validated against the experimental data. Subsequently, underlying physical mechanisms underlying the influence of density gradient on pulse shape are investigated using the validated simulation model. Based on the Taylor impact model, a theoretical approach is developed to design graded foam projectiles that generate pressure pulses with specific pulse shapes. The theoretical model predictions match well with full 3D numerical simulation results. The main conclusions drawn from the present study are:
• Manipulating with the density gradient of metallic foam projectiles is effective in pulse shape design. When the density gradient is increased, the shape of the pressure pulse becomes sharper and the peak pressure becomes higher, whereas the duration time remains unchanged.
• By introducing density gradient into metal foam projectiles, the shock loading simulation method introduced by Radford et al. [8] can be expanded from impulsive tests regime to dynamic tests regime.
• When the graded foam projectile impinges on a stationary rigid wall, the presence of density gradient induces changes not only in local crushing stress but also in dynamic stress enhancement due to inertial effect, of which the dynamic stress is the most important in determining the shape of pressure pulse generated during the impacting process.
• In practice, the theoretical approach developed in the current study can be employed to design the geometry and firing velocity of densitygraded metallic foam projectile needed to generate a pressure pulse with prescribed shape. The locking strain calculated from Eq. (A1) is plotted in Fig. A1 as a function of relative density for closed-cell aluminum foams, with a range of impact velocities (from 100 m/s to 500 m/s) considered. It is seen that the locking strain is significantly dependent upon the foam relative density, decreasing linearly with increasing relative density, but is little affected by the impact velocity (at least in the velocity range considered here). Consequently, as a good approximation, the first order of theoretical prediction of the quasi-static densification strain (ε d = 1 − λρ f /ρ s ) may be used to imitate the dynamic locking strain. Thus the dynamic locking strain is given as:.
In view of the FE simulation results shown in Fig. A1 , the best fit of Eq. (2).
gives λ = 1.1.
